been as successful [6] . Several promising new families of drugs are being evaluated for treatment of PD, including adenosine A2A receptor antagonists, neurotrophic factors, glutamate antagonists, and transdermal nicotine. None has been approved for general use in PD in the United States, and often the reason is insufficient efficacy.
Drugs do not Work Equally for Everyone Drug efficacy varies for individuals based on both intrinsic (genes, sex) and extrinsic (drug interactions) factors. Clinical trials pay careful attention to drug interactions and medical history, but 99.8 % of them ignore the role of genetics [7] . Consider a clinical trial that is composed of a mixture of patients (as most are); some subjects may have a genotype that enables them to benefit from the drug, while others may have genotypes that make the drug ineffective or even harmful. By ignoring genetics, efficacy is measured on average, and the average may not be statistically significant, the trial fails, and a drug that might have helped a portion of patients is abandoned.
The same applies to drugs that are approved for PD. Because of the unpredictability of drug response, physicians rely on trial and error to determine the right drug combinations and the proper doses for each patient, which is a process that can take a long time, may not even reach maximum efficacy and may result in adverse events.
Pharmacogenomics
PGx is the science and clinical application of genetics to pharmacological treatments, i.e., determining if interindividual differences in drug efficacy and toxicity are due to genetic differences, identifying the genes that influence drug response, and using the genotype to predict outcome so that benefit is maximized and side effects averted.
The US Food and Drug Administration (FDA), The European Medicines Agency (EMA) and Japan's Pharmaceuticals and Medical Devices Agency (PMDA) have been promoting the application of PGx in drug development for a decade [8] . NIH, the major medical research funding agency in the United States and the home for the National Center for Advancing Translational Science, considers PGx essential in translational science and a cornerstone of personalized medicine [9] . PGx should be an integral part of study design of clinical trials. At a minimum, genetic material should be obtained and banked so that as new information becomes available, closed trials can be re-evaluated and abandoned drugs may be resurrected.
Candidate Gene Studies Pharmacogenetics (as opposed to pharmacogenomics) refers to the study of candidate genes, often one at a time, in relation to drug response.
Pharmacogenetics is hypothesis-driven and can be very powerful if the investigator happens to pick the right gene to study.
Polymorphisms (DNA variations) that affect drug absorption, distribution, metabolism and excretion (ADME) can result in clinically significant variability in the efficacy and toxicity of drugs [10, 11] . Variations in expression levels (RNA) of ADME genes could also be critical in drug response [12] , although data on ADME gene expression is only emerging. The most extensively studied ADME genes are the cytochrome P450 (CYP450) family [13] . In clinical use are CYP2D6 for administering tamoxifen and codeine for treatment of cancer and pain management [14] , as well as CYP2C9 and vitamin K epoxide reductase complex subunit 1 (VKORC1 ) to avoid risk of hemorrhagic complications of the anticoagulant, warfarin [15] . Of closer relevance to PD is the use of tetrabenazine for treatment of Huntington's disease whose dosing is based, only in part, on CYP2D6 genotype [16] because the predictive value of this genotype is not high enough to accurately predict outcome by itself [17] .
Major histocompatibility complex genes, HLA, are critical for immunologically mediated drug response [18] . The most common class of adverse reactions is drug-induced hypersensitivity, which is often characterized by rash, hepatitis and fever. HLA has been associated with hypersensitivity to a wide range of drugs including aspirin, non-steroidal antiinflammatory drugs, antipsychotics, antibiotics, antiepileptics, and anti-HIV drugs [18] . HLA-B*57:01 is an FDA-approved PGx marker for treatment of HIV-infection with Abacavir. Patients are genotyped for HLA-B*57:01 prior to initiating treatment; those who test negative will not be expected to develop drug-induced hypersensitivity (negative predictive value is 100 %) [19] .
Candidate Genes for PD: Past The literature on pharmacogenetics of PD consists of association studies with genes whose products directly interact with l-dopa, dopamine, or dopamine agonists, namely, COMT, MAO-A, MAO-B, dopamine transporter (DAT ), and dopamine receptors (DRD1, DRD2, DRD3, DRD4, DRD5). There are excellent reviews that discuss the individual studies [10, 20, 21] . In brief, studies were small and underpowered, and as would be expected from a series of small studies, results were mostly negative and the few that yielded positive results were not replicated. Adding to the confusion, drug of interest varied across studies (l-dopa, entacapone, tolcapone), as did the definition of drug response (drug dose, time to peak response, duration and magnitude of response, daytime sleepiness, sudden onset of sleep, l-dopa induced dyskinesia, hallucinations). The disparity in study designs, the small sample sizes and the lack of replication make it nearly impossible to determine, from existing data, whether and which dopamine-related polymorphisms are important for dose determination and if they could potentially be useful for avoiding side effects or predicting a positive response.
Candidate Genes for PD: Now and in the Future The era of testing a few candidate genes at a time has passed. If we are to pursue candidate genes, we ought to cast a wide net that captures all known and potentially relevant genes, and, which allows in-depth investigation of all types of variations including coding polymorphisms which affect the structure of the molecule, and non-coding regulatory elements that alter its expression levels. The "relevant genes" might include, but are not limited to (1) the dopamine metabolism pathway, which is in fact far more complex than the few genes tested so far [22] , (2) genes involved in protein degradation, oxidative stress, mitochondrial function, immune response, inflammation, lysosomal trafficking and other pathways that have come to light through genetic discoveries of the last decade [23, 24] , and (3) genes that affect the risk of developing PD. At the molecular level, PD could be caused by a mutation in any of a number of genes including SNCA, LRRK2 , PARK2 and DJ1 (reviewed in [23] ). For these genetic forms, an ideal treatment would have to be individualized to the molecular mechanism causing the disease. Idiopathic PD also has a strong but very complex genetic component [25] [26] [27] [28] [29] [30] . Although the dozens of PD susceptibility genes identified to date seem to be working in different pathways-though it is possible that the pathways share a step or two, or that they converge on one point that will lead to PD-there is sufficient disparity in the varied functions of these genes to suggest that different drugs may work differently for different genotypes. In sum, candidate gene studies for PD need to be much larger in scope and size than the early studies. Technically, this can be easily accomplished with custom-built genotyping, sequencing and expression microarrays. It will however require well-orchestrated collaborative studies, with laser-sharp questions, carefully defined drug-response phenotypes, and firm plans for validation. This is an ambitious goal but it is doable. In less than two decades, PD researchers transformed the understanding of the disease from being purely environmental to one of the most complex and well-dissected genetic disorders. With such phenomenal track record and the collaborations that were forged in the process, the way is already paved for PGx studies.
Genomics Pharmacogenomics refers to genome-wide association studies (GWAS) of drug response. Genetic markers spanning the genome are tested for association with a drugresponse phenotype. Defined broadly, genetic markers include single nucleotide polymorphisms, copy number variations, epigenetic markers, gene expression intensities, and whole genome sequence data. Technology is sufficiently advanced for mid to high throughput analyses at reasonable costs. The cost of whole genome sequencing is also dropping rapidly.
The main advantage of pharmacogenomics is that there is no a-priori hypothesis as to the genomic location or the function of genes that might be involved. This makes it possible to uncover previously unsuspected genetic factors with important ties to disease or therapy.
In fact, GWAS for drug response has yielded astounding results (reviewed in [7, 8, 31] ). Unlike standard GWAS, which often require sample sizes in tens of thousands (because the effects sizes of genetic association with disease risk are very small, i.e., odds ratios, OR<1.3), GWAS for drug response have often succeeded with fewer than 100 patients because the genetic associations with drug response are turning out to be very strong. An early triumph of the genomic approach was the discovery in four populations-U.S. whites, African Americans, Japanese and Australians-of the association of the interleukin 28B gene with the efficacy of interferon alpha treatment for hepatitis C with some ORs approaching 30 [32] [33] [34] . Similarly, SLC01B, a liver specific member of the organic anion transporter family, was found to be associated with methotrexate toxicity in children with leukemia (OR~16) [35] , and also with skeletal myopathy associated with cholesterol lowering drug simvastatin (OR~17) [36] . Drug-induced hepatotoxicity, which is a common reason for terminating clinical trials and withdrawing drugs from the market, was assumed to be linked to CYP450 polymorphisms-a belief firmly grounded on the knowledge that CYP450 enzymes metabolize over 90 % of all drugs. Hence, research on drug-induced hepatotoxicity had primarily been focused on CYP450 as evidenced by 1,198 papers that we identified with a single PubMed search with the term "cytochrome p450 hepatoxicity". However, when GWAS were conducted, it was discovered that HLA alleles were largely responsible for drug-induced hepatotoxicity. A GWAS that included only 51 cases uncovered OR~81 for association of HLA-B*57:01 with liver toxicity due to Flucloxacillin [37] . For Lumiracoxib, a Cox-2 selective inhibitor anti-inflammatory drug that was withdrawn from market because of hepatotoxicity, a GWAS with only 41 cases uncovered HLA-DRB1*15:01 as the genetic underpinning of the toxicity (OR~5) [38] . Similarly, hepatotoxicity induced by Ximelagatran, an anticoagulant that was tried as a replacement for warfarin but was abandoned because of liver damage, was mapped to HLA-DRB1*07:01 (OR~4) [39] .
Pharmacogenomics Studies in PD There has not yet been a GWAS that was designed specifically to assess response to PD drugs (either those in use or in development). Nor has there been a GWAS for prevention.
We conducted two genome-wide gene-drug interaction studies for PD; in one [40] the drug was caffeine, in the other [41] the drug was nicotine. Nicotine and caffeine are neuroprotective in animal models [42, 43] and are robustly associated with reduced risk of PD in humans in epidemiological studies [44, 45] . We were interested in identifying the genetic variations that were associated with enhanced or diminished effects of smoking/nicotine and caffeine on PD risk reduction, with the hope that they would be useful as PGx markers for prevention and treatment. We found that the caffeine effect is associated with polymorphisms in GRIN2A, which encodes the NMDA glutamate receptor subunit 2A [40] , and that the nicotine effect is associated with polymorphisms in SV2C which encodes the synaptic vesicle protein 2C [41] . The significance of GRIN2A and SV2C in the central nervous system, the etiology of PD, and their intermediary roles in the effects of caffeine and nicotine on neurotransmission have been well-documented [46] [47] [48] [49] [50] . Thus it was astounding to identify genes with such strong biological plausibility via hypothesis-free GWAS. In fact, in genome-wide expression studies in a Drosophila model of PD, we identified the SV2C homologue as the single most significant gene in the protective effect of nicotine against paraquat-induced toxicity [41] . Our results suggest (1) GRIN2A genotype is associated with efficacy of caffeine in protecting against PD and (2) SV2C genotype is associated with response to nicotine, where allele dosage correlates with benefit, no response, or possibly harm (the latter was unexpected). More specifically, we found that drinking more than the median amount of caffeinated coffee was associated with 32 % risk reduction overall, but when GRIN2A genotype was taken into account, one genotype that is present in about 1/4 of individuals was associated with 65 % risk reduction (P =2 E-5), whereas 3/4 of individuals showed 22 % risk reduction (P =0.02). Smoking cigarettes was associated with an average 19 % risk reduction, but varied by SV2C genotype from 56 % risk reduction in 1/4 of subjects, no significant effect in the remaining majority, and a possible 200 % increase in risk in a rare genotype that is present in 2 % of the population. These findings provide testable hypotheses for prevention and treatment.
The inverse association of smoking and caffeine with PD may be an opportunity for devising prevention strategies, although the adverse health consequences of these drugs are serious and must be carefully considered against potential benefit. To test these hypotheses will require enrolling large populations of healthy individuals, obtaining DNA samples (blood, saliva, etc.), and then following them over time to determine whether and how well genotype and drug (caffeine, smoking) interaction can predict PD incidence. The epidemiological component of such a study would be extremely demanding both in time and cost. A first logical step might be to test the hypotheses in web-based studies, as has been pioneered by 23andMe [28] , whereby tens of thousands of middle-aged individuals would be enrolled and followed online for several years. Volunteers send a sample of saliva to a central laboratory for genotyping and record their health status and smoking and caffeine intake periodically online. If results support genotype-specific protection for caffeine and smoking, then the hypothesis can be properly tested and validated in PGx clinical trials for prevention, using drugs that are similar to but do not confer the toxicity of coffee and smoking.
GRIN2A and SV2C may also be useful for stratifying patients in treatment trials of PD. A2A receptor antagonists and nicotine have been examined as potential PD drugs; both seem safe and possibly beneficial but efficacy has been disappointing. It will be easy and inexpensive to test whether GRIN2A and SV2C genotype predict drug response in ongoing or closed trials if DNA is available. The adenosine A2A antagonist story has been particularly interesting in this realm. Caffeine does not only decrease risk of PD but also has symptomatic effects [51] . The development of adenosine A2A selective antagonists, which have biological plausibility since these receptors occupy the striatum and colocalize with D2 and MGluR5 receptors, lead to great anticipation that these drugs would provide similar if not better efficacy than caffeine on a background of superior safety and tolerance. Preclinical studies of two such agents, istradefylline and preladenant, demonstrated antiparkinsonian effects and dyskinesia prevention [52] [53] [54] [55] . However, istradefylline was the subject of four phase 3 trials in~1500 advanced PD patients and demonstrated only modest decrease in off times with an increase in dyskinesia. This ultimately led to a non-approvable letter from the FDA [56] . The second generation agent preladenant has greater potency, affinity and selectivity and in a phase 2 study demonstrated greater antiparkinsonian efficacy than the first generation agent without an increase in dyskinesia [57] . However, three phase 3 trials in 2,276 subjects were reported as negative in a recent press release. The sponsor has since chosen to stop development. With nearly 4,000 subjects there is more than an adequate number to perform proof of principle pharmacogenetics study examining whether GRIN2A genotype impacts drug response but, to our knowledge, this has not yet been done.
Cost and Sample Size Does including genetics in clinical trials add an unaffordable expense? And will stratification by genotype dictate that much larger sample sizes be enrolled? These two assumptions are the basis for a not uncommon misconception that PGx is too expensive to ever become a reality for PD. Ideally, the first step should be genome-wide studies to find markers that associate with drug response, and then the markers can be used as candidates and validated in additional studies. It will cost $250 to $650 per person, depending on the choice of the array, to perform genome-wide genotyping. This cost is accepted and considered justified, even when sample sizes are in tens of thousands as is the case for standard GWAS for risk (http://www.ncbi.nlm.nih.gov/gap).
For PGx, however, GWAS with sample sizes of few hundred individuals have been successful because the effect sizes appear to be quite large for genes that affect drug response as previously described [32] [33] [34] [35] [36] [37] [38] [39] . Therefore, GWAS for PD drugresponse will probably cost far less than what has been spent on GWAS of PD risk. Once a gene is identified via GWAS, it will cost less than $1 per person to genotype it. For example, if DNA were saved for the 4,000 participants of the A2A agonist trials, it would cost about $4,000 to conduct a proof of concept PGx study for the GRIN2A markers. Stratification by relevant genotypes can increase power and reduce the cost of trials. In the case of testing a candidate gene, genotyping can be done prior to enrollment, as an inclusion/exclusion criteria, to exclude non-responders and enrich the trial with individuals who are most likely to benefit. If 75 % of persons in a trial have the GRIN2A genotype associated with no response, at less than $1 per genotype, it is more cost effective to identify and exclude them than to carry them through the trial which would triple the high cost of the trial and dilute the signal for drug efficacy. Once validated and approved by regulatory agencies, the genetic test can be used in the clinical setting to personalize treatment, the cost of which will vary by the type of the test.
Conclusion
It is mystifying that there has not been more on PGx of PD. Rationale is strong. There are no technical obstacles. Required sample sizes are very reasonable. Cost of genotyping is almost negligible compared to the cost of a clinical trial. Why then has genetics not been brought into PD treatment development? The resistance to embrace PGx is not unique to the PD community. A recent study reported that only 0.2 % of trials registered on clinicaltrials.gov had a PGx component [7] . Moreover, 80 % of the trials that included PGx were sponsored by academic institutions while only 20 % were sponsored by the industry.
PGx is fundamental to translational science and personalized medicine. FDA and NIH have made PGx a high priority, making strong recommendations that genetics be incorporated in drug development and patient therapy. GWAS for drug response has been surprisingly efficient, often requiring much smaller sample sizes than traditional GWAS because effect sizes are large. PGx is the most promising near-future opportunity for improving the current PD treatments, and boosting the development of new symptomatic and potentially disease modifying drugs.
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